S
EVERAL mechanisms have been suggested for the rare occurrence of monocular blindness following relatively minor head trauma. 9,~~ Occasionally, even with minor trauma, fractures extending into the optic foramen have been documented, and hematomas in and around the optic foramen have been confirmed by surgery 7 and computerized tomography (CT) scan. The more usual setting is immediate or delayed monocular blindness without fracture) The most widely accepted explanation for the pathogenesis of this entity is traction injury to the nerve and vasa nervorum due to the momentum of the globe after orbital impact. H This is only one of the mechanisms through which the kinetic energy of frontal impact can be dissipated, however, and we question whether other mechanisms may also contribute to the resultant optic nerve injury. The clinical setting of monocular blindness without structural failure prompted us to ask whether or not impact insufficient to cause fracture might still contribute to soft-tissue injury by transiently deforming the orbit. Such a study might identify an additional mechanism for energy dissipation and possibly soft-tissue injury. In order to study this problem, a nondestructive method had to be found that would demonstrate deformation in a complicated structure such as the skull 8 in response to simulated impact.
Materials and Methods

Holographic Inte~ferometry
Holographic interferometry 1~ is a form of nondestructive testing uniquely applicable to our needs. This is an exquisitely sensitive method of testing for surface deformation of an object resulting from an applied force? 2 The final product of our analysis is an image of the test object upon which is superimposed a series of alternating light and dark bands or fringes indicating patterns of stress (see Fig. 2 ). Holography is in fact "imaging by wave-front reconstruction. ''4,6 A developed hologram in normal light appears to be a thin piece of glass of any dimension coated with a translucent photographic emulsion. However, when the holographic plate is transilluminated with laser light, the wave-fronts are rearranged to look just like the wave-fronts that scattered from the original subject. 4,6 A three-dimensional image of the subject appears suspended in space behind the plate as if one were looking at the original scene through a small window.
In holographic interferometry, variable patterns of stress due to an applied force are indicated by the fringes superimposed on the reconstructed image of the subject. density is greatest (that is, where the fringes are closest to one another) indicate areas of maximum surface deformation. Fringes that form concentric circles or a single spot indicate areas of the surface that are dimpling or nippling. From a mechanical standpoint, these fringes are synonymous with stress concentration. Although a derivational description of the technique is beyond the scope of this report, a conceptional description of the physics involved will be useful. The first step in making a hologram is the splitting of a single beam of laser light into two beams. Both beams are expanded by lenses and travel two paths of approximately equal length. One beam illuminates the object of interest. Light from this beam scatters from the object striking a very high-resolution photographic plate. The other half of the original beam hits the same photographic plate directly and acts as a reference (Fig. 1) . The wave-fronts of the illuminating beam are perturbed or desynchronized by the macroscopic and microscopic surface topography of the subject. Originally these wave-fronts are synchronized (that is, the peaks and troughs are all aligned), a characteristic of laser light. The reference beam, on the other hand, reaches the photographic emulsion with its wave-front synchrony intact. When the two beams admix in the emulsion, the wave-front dyssynchrony of the illuminating beam is recorded as a pattern of constructive and destructive interference between itself and the reference beam. This pattern in the developed emulsion is responsible for rearranging the wave-fronts of the subsequent laser illumination, which optically reconstructs the original scene.
The technique of holographic interferometry requires that a double-exposure hologram be made of the subject with a stress applied between exposures. 1~ When these virtually superimposed images are optically reconstructed, areas of the surface that were deformed between exposures by a magnitude equal to half the wave length of the laser light (0.5 #) create bands of destructive interference seen as fringes superimposed on the test object.
Experimental Protocol
In this study, dried human skulls were securely mounted on lead pedestals resting on a vibration-free surface. A standard halo traction frame was applied to the skull with seven pins distributed behind the coronal meridian. 2 A single pin with a blunted tip was aligned in such a way as to apply pressure at various points across the supraorbital area. Points were selected based on the areas of contusion recorded in patients from this institution suffering from immediate or delayed blindness following frontal trauma (Fig. 1) . The holographic plate was aligned to "see" the orbit and the area around the optic foramen. A 3-mW helium neon laser, which produces light with a wave length of 632.8 nm, was used to make holograms of the skull and halo. In static loading tests, the anterior screw was turned 15 ~ applying a mass of 27 gm to 1 mm squared or a force of 26478.9 dynes between exposures, and the resulting fringe patterns were analyzed. To confirm these results, time-averaged holograms were made by one of us (J.N.). With time-averaged holograms, in contrast to statically loading the test object, a vibratory source is applied to the object under test and a single-exposure hologram is made, providing quasidynamic analysis. 1 Areas of the orbital roof seen to perturb by holographic interferometric analysis were attached by silk Orbital deformation in minor head injury suture to a force-displacement transducer* to establish the direction of the deformation identified with static loading.
Results
The data in this report are presented as photographs of the holographic interferograms. Five different skulls were studied in two different laboratories. In all the skulls, the most striking and consistent finding was deformation of the orbital roof ipsilateral to the supraorbital loading. In both pediatric skulls studied, the paranasal sinuses were minimally pneumatized. Increased loading was required in these skulls to demonstrate the orbital deformation. In one adult skull, in which the calvaria was removed to explore the impact of frontal loading on the frontal fossa, it was noted that less loading was necessary to produce dramatic deformations; this observation suggested that the intact calvaria resists frontal, and therefore orbital, deformations. Figure 2 is a photograph of a holographic interferogram with the static loading applied to a point in line with the supraorbital nerve. The most striking finding in this photograph is the dramatic concentration of fringes in the roof of the orbit, indicating stress con-* Model FT03C transducer manufactured by Grass Instrument Co., 101 Old Colony Avenue, Quincy, Massachusetts. centration near the optic foramen. In addition to this, we see a number of parallel fringes over the frontal bone which change in density at each of the sutures visible, specifically the nasofrontal (nf), frontozygomatic (fz), sphenofrontal (sf), and frontomaxillary (fm) sutures (Fig. 2) . This change or dilution in stress concentration across suture lines is consistent with our experience involving termination of fractures along discontinuities in bone such as the sutures. The direction of the parallel fringes superimposed on the skull also gives added information. In Fig. 2 , where pressure was applied lateral to the midline over the supraorbital area, the fringes run somewhat parallel to a horizontal section indicating that these osseous plates are perturbed around a horizontal axis. As the pressure is moved more medially and applied to the glabella (Fig. 3) , the fringe lines are more parallel to a sagittal plane, indicating deformation around a sagittal axis. Regardless of the position of the frontal static loading, we see dramatic stress concentration (representing additional deformation on the order of 1 to 2 #) localized over the optic foramen in the orbital roof. Measurements with a force displacement transducer indicate that with static frontal loading this area of the orbital roof is displaced toward the frontal fossa, and therefore represents an orbital outbending or nippling. This same pattern of stress was seen in all five skulls examined, although, as mentioned earlier, the pediatric skulls required an increased magnitude of loading to demonstrate these patterns.
Discussion
Holographic interferometric analysis of the human skull demonstrates that structural strain induced by frontal loading results in deformation of the ipsilateral orbital roof near the optic foramen. 2 This does not necessarily predict that fractures will occur at that particular point. The occurrence of fractures will depend on the elastic limits of the structures involved. Thin bone can deform and oscillate, kinetically dissipating impact energy. On the other hand, thicker bone may reach its elastic limit and fracture before significant deformation is seen. Where thick and thin bone are contiguous, some of the energy imparted to the structure as a whole by impact can be dissipated kinetically by deformation of the thinner areas. The thinner areas can act as an energy sink, allowing the structure to withstand greater impact without fracture. Which area first fails, however, depends on which area first reaches its elastic limit. The fact that this nondestructive method shows micron-order deformations in response to gram-order frontal loading is no less predictive of the structural response than results that could be gained with greater magnitudes of input. To determine the maximum extent of the orbital roof oscillation would of course require fully simulated impact which, in turn, would require more sophisticated equipment and experimental design.
Force-displacement transducers were used to establish the fact that, with loading of the frontal area, the orbital roof is displaced toward the frontal fossa. With unloading, the deformation is toward the orbit. The elastic time constant of a rigid material such as bone is much shorter than that of soft tissue; therefore, while the momentum following impact carries the orbital soft tissue forward, the orbital roof could osciliate through a number of cycles. With outbending of the orbital roof, there exists the potential for cavitation or negative pressure at the bone-soft tissue interfaces. If the cavitation energies are sufficiently disruptive, hemorrhage could occur. The other half of the orbital roof oscillation is an inbending which would serve to transiently reduce the orbital volume, encouraging the forward displacement of the orbital soft tissues. This could possibly add to the traction injury frequently hypothesized. Predicting the actual distribution of the energies in and around the orbit during frontal impact is further complicated by the positive pressure generated in the frontal fossa during deceleration injury. 5 The integrated effect would neeessarily have to include all these forces as well as their temporal relationships.
Conclusions
Our investigation concerns the pattern of stress concentration in the bone of the orbit in response to nondestructive frontal loading. Of the various tech-C. E. Gross, et al.
niques available for nondestructive testing, including brittle-coat and birefringent plastic, holographic interferometry proved to be the most sensitive, quickest, and most cost-effective method of testing at our disposal. Another significant advantage is the fact that the results are mathematically defmable and thus useful in computer-modeling. The data are also in a form useful for qualitative presentation with visual confirmation of stress concentrations in the orbital roof in response to frontal loading. This study confirmed the fact of orbital deformation with frontal loading, thus identifying an additional avenue for energy dissipation and possible soft-tissue injury.
